Solid state dewetting of ultrathin films is the most straightforward means of fabricating substrate-supported noble metal nanostructures. This assembly process is, however, quite inflexible, yielding either densely packed smaller structures or widely spaced larger structures. Here, we demonstrate the utility of introducing a sacrificial antimony layer between the substrate and noble metal overlayer. We observe an agglomeration process which is radically altered by the concurrent sublimation of antimony. In stark contrast with conventional dewetting, where the thickness of the deposited metal film determines the characteristic length scales of the assembly process, it is the thickness of the sacrificial antimony layer which dictates both the nanoparticle size and interparticle spacing. The result is a far more flexible self-assembly process where the nanoparticle size and areal density can be varied widely. Demonstrations show nanoparticle areal densities which are varied over four orders of magnitude assembled from the identical gold layer thickness, where the accompanying changes to nanostructure size see a systematic shift in the wavelength of the localized surface plasmon resonance. As a pliable self-assembly process, it offers the opportunity to tailor the properties of an ensemble of nanostructures to meet the needs of specific applications.
Introduction
Precious metal nanostructures immobilized on substrate surfaces are of importance for numerous potential applications in the areas of photovoltaics [1] , catalysis [2] , chemical and biological sensing [3] , the formation of nanowires via the vapor-liquid-solid growth mode [4] and as shadow masks for reactive ion etching [5] . Early stage investigations in these emerging fields often relied heavily on substrate-based nanostructures derived from the room temperature deposition of continuous ultrathin films onto substrates followed by their subsequent agglomeration at elevated temperatures [6] [7] [8] [9] . The widespread use of this thermal solid state dewetting process, however, was largely reliant on the ease with which such nanostructures can be fabricated over large areas, typically produced in a few hours using simple instrumentation consisting of a room temperature sputter coater and a tube furnace. Apart from this simplicity aspect, the nanostructures produced were unsatisfactory from many standpoints as there was a lack of control over the nanoparticle size distribution, spacing and placement on the substrate. As technologies mature the specifications placed on the nanomaterials grow increasingly stringent as efforts focus on tailoring the collective response derived from an ensemble of nanostructures to meet the requirements of a particular application. As a result, the use of the dewetting phenomenon has often been marginalized in favor of more sophisticated and often more costly approaches [1] [2] [3] [4] .
The dewetting phenomenon is driven by an interplay between thermodynamics and kinetics. While thermodynam-ics always drives the system toward the most energetically favorable state, atom kinetics often prevent this state from being reached. This is a simple consequence of the fact that atoms often encounter energy barriers which they have insufficient kinetic energy to overcome, a circumstance which confines the system to a metastable state. A continuous ultrathin metal film deposited on a substrate at room temperature exists in such a metastable state if the surface energy of the metal is greater than that of the substrate material. Thermodynamics drives such a system toward a geometry which will reduce the surface area of the metal. This geometry, however, is unattainable because the metal atoms lack the kinetic energy required to move significant distances across the surface. The end result is a continuous metastable film. Heating such a film drives it toward the equilibrium state, which sees it agglomerate into metal nanostructures at temperatures well below the melting point of the metal. This process, commonly referred to as solid state dewetting [10] , is typically initiated at holes in the film which extend through the film to the substrate surface. Such holes typically originate at grain boundary triple junctions [10] . Agglomeration then proceeds through solid state surface diffusion away from the step edges. The overall process is quite complex with Rayleigh-like instabilities [11] , fingering instabilities [12] , grain boundaries [13] and substrate surface texture [11] all playing a decisive role. In general, thinner films dewet at lower temperatures, forming nanostructures which are smaller and more densely packed [14] . The nanostructures formed are usually well bonded to the substrate, having a contact angle determined by surface energy considerations, obeying Young's equation subjected to retention forces [15] for large particle sizes, but where this relationship is altered somewhat on the nanoscale [16] . The structures formed are also influenced by the crystallographic orientation of the substrate [17] and film [18] , the lattice mismatch between the substrate and metal [17] , substrate surface reconstructions [19] , nanostructure faceting [20] and interface chemistry [21] .
Numerous approaches have been devised to manipulate the dewetting phenomenon in an effort to control the placement of the dewetted metal structures as they agglomerate on the surface of a substrate. These so-called templated assembly techniques, which impose a periodicity onto the dewetting process through the use of lithographically defined film edges [14, 18, [22] [23] [24] , periodic templates [14, 25, 26] or substrate surface texture [27] [28] [29] , have proved highly successful in generating arrayed structures. They are, however, often limited in terms of the minimum size and/or areal density of structures achievable. In many cases they are also technically challenging and their cost is prohibitive. When non-arrayed structures are formed on polished substrates there are no such limitations, but there exists limited flexibility in terms of tuning the nanoparticle size distribution and interparticle spacing. The size distribution can be altered by maintaining the nanostructures at elevated temperatures. This induces Ostwald ripening, which is a disproportionate exchange of atoms between the nanostructures via substrate surface diffusion which favors larger structures at the expense of smaller ones [30, 31] . The step-terrace structures associated with vicinal surfaces have also been shown to alter both the nanostructure placement and size distribution [32] . It has also been shown that the nanoparticle size distribution can be narrowed through the placement of a metal foil on the free surface of the film as it dewets [33] . In this case, the larger nanoparticles contact the metal foil and sink atoms onto it, reducing their size while leaving the smaller nanostructures intact.
In a previous report, we demonstrated a processing route for the fabrication of nanostructured gold and silver arrays using a templated assembly technique referred to as dynamic templating [26] . The technique involved the formation of a periodic array of sacrificial antimony pedestals topped with an ultrathin layer of a precious metal. When heated, the antimony preferentially sublimates from the sides of the pedestal causing the areal dimensions of the pedestal, on which the precious metal is agglomerating, to rapidly shrink. This leads to a forced migration of the precious metal to the center of each pedestal, where the rate and areal extent over which the agglomeration occurs far exceed that of a precious metal pedestal deposited directly on the substrate surface. At the end of the process, the antimony has completely sublimed, leaving behind a periodic array of precious metal nanostructures. The density of the structures produced, however, is limited by the feature size of the shadow masks used. In this paper we detail the dewetting characteristics of continuous gold and silver films deposited on sacrificial layers of antimony, which are continuous. It is demonstrated that variations to both the thickness of the precious metal and the antimony layer allow for the manipulation of the size distribution, spacing and plasmonic properties of the nanoparticle ensemble, a result which allows one to tailor the nanoparticle properties to specific applications. Figure 1 shows a schematic of the procedure used to obtain substrate-supported gold nanoparticles. It begins with the deposition of a sacrificial antimony layer over which an ultrathin gold layer is deposited. Heating the layered structure results in the agglomeration of gold, but where its dewetting characteristics are strongly influenced by the concurrent sublimation of antimony. At the end of the process all the antimony has sublimed, leaving immobilized gold nanoparticles on the surface of the substrate. The experiments were carried out on (0001)-oriented Al 2 O 3 substrates (i.e. c-plane sapphire). This surface is ideal for such studies due to its low surface energy, high chemical and thermal stability, crystallographic perfection and high resistance to gold and silver interdiffusion. The fact that this substrate is optically transparent also allows for the straightforward characterization of the plasmonic response. The dewetting characteristics of gold on sapphire in the absence of a sacrificial antimony layer were mapped out for film thicknesses ranging from 0.7 to 24 nm. Twenty-four samples were then used to characterize the influence of the antimony layer on the gold dewetting process. For this series of samples, four gold film thicknesses of 0.7, 2, 4 and 8 nm were each deposited on antimony layers having thicknesses of 2.5, 5, 7.5, 10, 20 and 40 nm. For the silver dewetting experiments a film of thickness of 2 nm was deposited on a bare substrate and compared to silver deposited on antimony layers having thicknesses of 1.5, 3, 4.5 and 6 nm. All depositions were carried out in a Gatan High Resolution Ion Beam Coater using 99.9985% purity targets. The quoted film thicknesses are obtained using deposition rates derived from atomic force microscopy (AFM) measurements on the step-edges formed through the deposition of films through shadow masks. Films in groups of four, where each had the same antimony content, were placed in an alumina crucible and inserted into a tube furnace (Lindberg Blue M). Four quartz tubes dedicated to the dewetting of (i) gold, (ii) gold with antimony, (iii) silver and (iv) silver with antimony were used in order to prevent cross-contamination. All experiments were carried under a 100 sccm flow of ultra-high purity argon where the tube was thoroughly flushed with argon prior to heating. All gold samples used a heating regimen which sees the sample ramped to 900 • C in 45 min where it is held for 15 min, after which it is allowed to cool to room temperature over the course of a few hours. Samples were then cycled to high temperatures a second time, a procedure which proved effective in ridding the sample of trace amounts of antimony. It is noted that the four samples having no antimony were also temperature cycled in order to obtain fair comparisons. Silver dewetting experiments were also carried out in a similar manner, but where the samples were heated to 750 • C in 30 min. The lower temperature prevented significant silver evaporation. The plasmonic properties of all samples were characterized using a JASCO V530 UV/VIS spectrophotometer. Scanning electron microscopy (SEM) images, obtained using either an FEI Quanta 400 or 600 FEG ESEM and processed using ImageJ software [34] , were used to obtain distributions of the nanoparticle size and spacing.
Sample preparation and characterization

Results
Figure 2(a) shows SEM images of nanostructures derived from gold films of various thicknesses which have dewetted on sapphire substrates. Such images were used to extract the dependency of the nanoparticle areal density ( figure 2(b) ), the nanoparticle diameter (figure 2(c)) and the interparticle spacing ( figure 2(d) ) on the initial gold film thickness. Nanoparticle diameters and interparticle spacings were extracted from distributions where the plotted value is the histogram maximum. The interparticle spacing measurements correspond to the center-to-center nearest-neighbor distances. The overall dewetting behavior observed is consistent with previous studies [13, 14] and provides baseline parameters characteristic of the conventional dewetting process. As the gold film thickness is increased from 0.7 to 24 nm there is a nearly four orders of magnitude decrease in the density of nanoparticles which is accompanied by a continuous rise in both the nanoparticle diameter and the interparticle distance. The overall process is thus characterized by agglomeration which occurs on increasingly larger length scales as the Figure 1 . Schematic of the procedure used to fabricate substrate-supported gold nanoparticles. The process proceeds by (i) depositing a sacrificial antimony layer followed by (ii) the deposition of an ultrathin gold film. (iii) The sample is then heated to high temperatures to simultaneously induce the dewetting of gold and the sublimation of antimony. At the end of the assembly process all of the antimony has sublimed leaving behind (iv) substrate-supported gold nanoparticles.
gold layer thickness is increased. The assembly process thus yields either densely packed smaller structures or widely spaced larger structures. It is noteworthy that for a given film-substrate combination little can be done in terms of processing conditions to significantly alter this behavior. Figure 3 (a) shows a matrix of SEM images which map out the influence that a sacrificial antimony layer has on the dewetting characteristics of ultrathin gold films. Each row in the matrix corresponds to the same antimony layer thickness while each column corresponds to the same gold thickness. For any individual antimony thickness (i.e. the rows of the matrix) the trend is for the nanoparticle size to increase as the thickness of the gold layer increases, a trend identical to that observed when gold films are deposited directly on a bare substrate. However, the usual trend toward decreasing nanoparticle density for thicker gold layers, while remaining intact for thin antimony layers, becomes increasingly corrupted as the layer thickness is increased. The trend observed as the antimony thickness is varied while holding the gold thickness constant (i.e. the columns of the matrix) is quite dramatic, showing a remarkable increase in both the nanoparticle size and interparticle spacing. These changes are accompanied by a nearly four orders of magnitude change in the nanoparticle density ( figure 3(b) ). It is also noted that the observed trends continue well outside the extent of the matrix shown, ultimately giving rise to particles of micrometer-scale diameter with interparticle spacings near 10 micrometers. This ability to radically alter the nanoparticle size, spacing and density while maintaining a constant gold film thickness has not previously been demonstrated. To further illustrate this point, figure 4 shows the SEM images, histograms of the nanoparticle diameter and interparticle spacing, and spectra of the extinction efficiency for 2 nm thick gold films dewetted on antimony layers of various thicknesses. A systematic shift in the distributions from smaller to larger nanoparticle diameters and from closely to sparsely spaced nanoparticles is evident as the thickness of the sacrificial antimony layer is increased. As expected, the extinction efficiency shows a corresponding red-shift in the wavelength of the localized surface plasmon resonance (LSPR) resulting from the larger nanoparticles assembled. The complete dataset, showing histograms, the extinction spectra and a statistical analysis for all samples shown in figure 3 is included as supporting information (figures S1-S3, tables S1 and S2 available at stacks.iop.org/Nano/23/495604/ mmedia).
Silver nanoparticles were also assembled on sapphire substrates using a sacrificial antimony layer. Figure 5 shows the SEM images, histograms of the nanoparticle diameter and interparticle spacing, and spectra of the extinction efficiency for 2 nm thick silver films dewetted on antimony layers of various thicknesses. In a manner quite similar to gold nanoparticle assembly, there exists a systematic increase in the nanoparticle diameter and interparticle spacing as well as a red-shift in the LSPR peak position as the antimony layer thickness is increased. There are, however, a number of key differences. Foremost is the larger characteristic length scale over which silver agglomerates compared to gold. There also exists a discontinuity in the trends for nanoparticle size and interparticle spacing as the thickness of the antimony layer transitions from 3 to 4.5 nm. The silver nanoparticles also show a stronger tendency to facet.
Discussion
The results presented demonstrate that the introduction of a sacrificial antimony layer results in an assembly process which is far more flexible. In contrast with conventional dewetting, where the characteristic length scales of the assembly process are driven by the thickness of the gold film, the nanoparticle size and interparticle spacing are largely determined by the thickness of the sacrificial antimony layer. The end result is a self-assembly process where the gold layer thickness determines the quantity of gold to be agglomerated, while the antimony layer thickness dictates the characteristic length scale over which the agglomeration occurs. This distinction allows for a pliable assembly process where the nanoparticle size and areal density can be varied independently, the result of which is a process yielding substrate surfaces supporting gold nanostructures with characteristic length scales unattainable via the conventional route. The incorporation of a sacrificial antimony layer into the assembly process also has its shortcomings. Most notable is the trend toward increasing widths in the nanoparticle size distributions as both the gold and antimony layer thickness is increased. For such samples the assembly process gives rise to large nanoparticles containing most of the gold initially deposited, but which are surrounded by numerous smaller nanoparticles. This deficiency is most acute for the gold nanoparticles assembled from the 8 nm gold film deposited on a 10 nm sacrificial antimony layer, where 50% of the nanoparticles account for only 10% of the nanoparticle volume (supporting information, figure S1 available at stacks.iop.org/Nano/23/ 495604/mmedia). With so many low volume nanoparticles, Ostwald ripening and/or evaporation [35] provides an obvious avenue for significantly narrowing the size distribution; this was not pursued in this comparative study so as to maintain consistency in the processing conditions.
The overall role the sacrificial layer plays is to enhance the areal extent over which the dewetting occurs, where control is attained through adjustments to the layer thickness. The effectiveness of antimony as the sacrificial layer stems from a set of rather unique properties associated with both it and the combined gold-antimony binary system. Antimony readily sublimates at temperatures where the gold assembly occurs. It has a surface energy well below that of most common metals [36] , a property which makes it more prone to the wetting of surfaces. In the solid state it is nearly immiscible with gold (miscibility 0.75 wt% Sb). This immiscibility results in the inhibition of antimony sublimation when coated with a gold layer [26] as the incompatibility of these two elements imposes a barrier to a process which would otherwise see the interdiffusion of antimony through Figure 5 . Summary of the dewetting behavior for 2 nm thick silver films deposited on sacrificial antimony layers with thicknesses of 0, 1.5, 3, 4.5 and 6 nm. Note that the (a) SEM images of the silver nanoparticles (scale bar = 2 µm), (b) histograms of the nanoparticle size distribution, (c) histograms of the interparticle spacing and (d) extinction efficiency spectra all show trends similar to that observed for gold. the gold overlayer followed by its subsequent release from the surface. At sufficiently elevated temperatures, however, immiscibility gives way to miscibility as antimony and gold intermix, forming a low temperature eutectic (T E = 360 • C). The silver-antimony binary system shares many of these same features, but where both the eutectic temperature (T E = 485 • C) and antimony miscibility in silver (miscibility 8 wt% Sb) are significantly higher.
The mechanisms guiding the enhancements to the areal extent over which the gold agglomeration occurs have been discussed previously within the context of the templated assembly of ultrathin gold layers deposited atop antimony pedestals [26] . For this scenario, it was observed that the gold layer inhibits antimony sublimation from the pedestal top. Antimony sublimation from its sides, however, is uninhibited. It is the resulting advancement of the sublimation fronts from all sides toward the center of the pedestal which rapidly drives the agglomeration of gold to a single location as the antimony supply is steadily reduced to the point of exhaustion. Also crucial to the assembly process is the simultaneous dissolution of antimony into the gold overlayer, a process which induces a reactive wetting process and leads to the formation of a gold-antimony eutectic at the interface. Our expectation is that the assembly processes observed in the current study proceeds in much the same manner as for the templated case. Key differences, however, arise from: (i) the fact that the gold film must rupture in order to generate the antimony sublimation fronts required to initiate the assembly process and (ii) the antimony-gold ratio is much lower than that used in the previous study. The initiation of the dewetting process by rupturing the film is not unique to the assembly process studied here. In fact, conventional solid state dewetting is reliant on the formation of voids at grain boundary defects which extend from the surface of the film to the underlying substrate from which atoms retreat. In situ monitoring of this conventional dewetting process [13] reveals that the entire film dewets from these voids through a repetitive process which sees the edge thicken, become unstable due to Rayleigh-like instabilities, shed material to form isolated islands and then thicken again. While similar monitoring will be required to delineate the exact processes by which films agglomerate in the presence of a sacrificial antimony layer, a number of factors relevant to the assembly process can, at this point, be articulated.
The interface between the noble metal and sacrificial antimony layer, over the course of the assembly process, evolves from one formed between two nearly immiscible solid state components to one which is a liquid eutectic [26] . While the propagation of the sublimation front drives the agglomeration process, the mere presence of the interface in the absence of this front favors kinetic processes which tend to maintain a continuous film on its surface. Studies of the antimony-silver interface, for example, demonstrate the effectiveness of antimony as a kinetically active surface agent (i.e. surfactant mediated epitaxy [37, 38] ) able to transform the silver thin film growth mode from one which sees islands form and merge (i.e. the Volmer-Weber mode) to one where a single continuous layer forms before the growth of the next layer is initiated (i.e. the Frank-van der Merwe mode) [39, 40] . It is noteworthy that both experiment and calculations based on density-functional theory [41] show that the presence of antimony promotes the formation of smooth silver films while maintaining an interface which remains segregated. Such behavior is likely to be in opposition to the agglomeration of silver while on the surface of antimony. It would not be unexpected if the gold-antimony interface behaved similarly. Also in opposition to agglomeration processes is the kinetics associated with the formation of the eutectic. As antimony dissolves into the noble metal overlayer, the resulting dissolution is likely to promote non-equilibrium reactive wetting [42] [43] [44] which will also tend toward maintaining a continuous layer. Such tendencies toward maintaining film continuity are likely to play a pivotal role in increasing the characteristic length scale over which the film ultimately agglomerates by limiting the number of locations where the film ruptures. In terms of maintaining the film continuity, thicker noble metal layers are expected to be more robust and, as a result, rupture in fewer locations.
Once the sublimation front arrives it will override all of these wetting tendencies, activating the agglomeration process and cutting off the supply of antimony upon which these tendencies are reliant.
Attempts to use antimony pedestals to promote the templated assembly of a wide variety of elements revealed that the formation of a eutectic at the interface was crucial in promoting agglomeration over large length scales [26] . Antimony was relatively ineffective in promoting the agglomeration of elements for which it does not share a low temperature eutectic. This limitation, however, was overcome through the introduction of a thin bismuth layer at the interface which becomes liquid during the assembly process. With the need to maintain a liquid interface, it is not unexpected that the antimony-gold ratio is critically important for the assembly process described in the present paper. Results indicate that as long as there remains an ample supply of antimony the gold assembly seems relatively unencumbered over large length scales. It, therefore, follows that the assembly mechanism is inhibited when utilizing a low antimony-gold ratio due to a lack of antimony. In this regime, the sublimation fronts will locally decrease the relative antimony-to-gold ratio as it drives gold forward and exhausts the antimony supply through sublimation. Both of these factors will eventually drive the system from the liquid to the solid phase field of the binary phase diagram. Should this occur, the motion of the advancing front will be impeded, taking on a character more akin to conventional solid state dewetting which will shed material in the form of isolated islands due to Rayleigh-like instabilities. After the material is shed, however, a new sublimation front will emerge and the process will be repeated. The fact that the SEM images consistently show parallel lines and concentric arcs of nanostructures, provide evidence for the existence of these propagating fronts and also indicate that they are large compared to the interparticle spacing. When thicker antimony layers are used, but where the gold thickness is held constant, the sublimation front will propagate further before shedding material, yielding larger nanostructures in the process. If the break between the island structures and the new sublimation front is disorderly, it could spawn the formation of many small antimony islands containing small quantities of gold. The subsequent assembly of these structures would account for the high number of smaller nanostructures observed when both the noble metal and antimony layer thicknesses are large.
Summary
In summary, we have devised a pathway for the assembly of noble metal nanostructures utilizing the dewetting phenomenon which allows for control over the nanostructure size and interparticle spacing. By merely varying the thickness of a sacrificial antimony layer placed between the substrate surface and the overlying metal film, it is now possible to dictate the characteristic length scales over which the agglomeration occurs. For a given metal thickness a thicker sacrificial layer will give rise to larger structures of low density, while a thinner layer gives rise to a high density of smaller structures. The assembly route allows one to tailor the nanoparticle size and spacing to meet the needs of specific applications. As solar cell enhancement agents [1] , seeds for the catalytic growth of nanowires [4] and as nanoscale masks for reactive ion etching [5] , the resulting ensembles of noble metal nanostructures could prove particularly attractive.
